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SUMMARY 


The vroblen in this ubreetigovimn waa to determine the stress 
and defleetion patterns of 2 thick cantilever plate at various angles 
of sveepback. 

“he plate wea tested et angles of sweepback of zero, twenty, 
forty, and sixty degrees under uniform shear load at the tin, uni- 
formly distributed losd and torsional loading. 

For all angles of sweep and for all types of losding the arena 
of critical stress is near the intersection of the root and trailing 
edce. Stresses nesr the leading see at the root decreased rspidly 
with inorease in angle of sweep for all types of loading. In the 
outer portion of the vlate nerr the trailing edge the stresses due 
to the uniforn shear and the uniformly distributed load did not vary 
for angles of sweep up to forty degrees. For the uniform shear and 
the uniformly distributed loads for 211 angles of sweep the area in 
whieh end effect is pronounced extends from the root to approximately 
three querters of « chord length cutboard of a line perpendicular te 
the axis of the nliate through the trailing edge root. In the case of 
uniform shear and uniformly distributed losds the deflections near 
the edge at seventy-five per cent semiespan decreased with increases 
in angle of sweep. Deflections near the trailing edge under the 
geme loading conditions increased with increase in angle of sweep 
for smell angles end then decreased at the higher angies of sweep. 
The maximum deflection due to torsional loading increased with in- 


crease in engle of sweep. 
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INTRODUCTION 


The problem in this investigation was to determine the effect 
of sweepback upon the deflection end stress pattern of a thick canti- 
lever plate. The plate was tested at angles of sweep of zero, twenty, 
forty, and sixty degrees under uniform shear, uniformly distributed, 
and torsional loadings. 

Tnis research is one phase of the investig: tion being carried 
out at the Guggenheim Acronautical Laboratory of the California In- 
stitute of Technology (GALCIT) to determine the effect of sveep uxon 
the deflection and stress patterns of aircraft wings of high solidity. 
This work is deing carried out both experimentelly and theoretically 
under a contrect with the United States Air Force. | 

Since little experimentel data has been published on this phase 
of structural research, it was necessary to begin the overall investi- 
gation of this problem with the study of solid plates heving the shape 
of. swept wings and subjected to uniform sheer losding, uniformly dis- 
tributed loading, and torsional loading. By September of 1948 a pre- 
Lininery investig:tion on a thin plate had been completed by the 
GALOIT staff. This work "pointed the way" to the present investiga- 
tion. This paper will suggest several points to be considered in 
further experinentel investigetion of the problem and will furnish 


data which will be useful as e guide to the correct theoretical solution 
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of this problen, 

This investizetion was carried out in the GALCIT structures 
laboratory under the supervision of Dr. 3. E. Sechler. It was done 
in conjunction with Oommender ¥. B, Gilkeson, U. S. Navy, during 


the academic year 1948 - 1949, 


BQUIPMENT 


The test specimen was 2 24ST aluminum alloy plate. The plate 
was one inch thick and the area was mainteined constant at 400 square 
inches at all angles of sweep by cutting trianguler pieces parallel | 
to the root from the tip of the plete so as to maintain a constant 
length of forty inches end a constant width of ten inches. A square 
erid was scribed on the bottom of the plate et two and one-half inch 
intervala along and aeross the plate to facilitate the measuring of 
deflections. The dimensions of the specimen in the four configura- 
tions of zero, twenty, forty, and sixty degrees of sweep are shown 
in Figures 4 through 15. 

Standerd SR-4 strain rosettes manufactured by the Baldwin-~ 
Southwark Company were attached to the specimen at the points indi- 
cated in Figures 4 through 15. These rosettes were connected to a 
vheatstone bridge olrouit from which strain readings in millivolts 
were taken. These readings were converted into principal stresses. 
The electrics] setup is shown in Figure 3. 

The plete vas supported by a heavy framework of I beams end 
gteel plates. This support is shown in Figures 1 and 2. The frane- 
work was bolted to a concrete floor. This method of supporting the 
plate gave a reasonable degree cf fixity. As complete fixity was not 
possible, @ survey was made to determine the amount of "sag" of the 


support. 
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The test plate was placed between two steel plates at the top 
of the support, In order to obtein a uniform pressure and eae meximm 
fixity, specially cut spacers were inserted between the test plate 
and the supporting steel plates. 

A dial deflection gage menufectured by the B. C. Ames Company 
of Welthem, Massachusetts was used to measure deflection. This gage 
was calibrated to one thousandth of an inch. A large smooth table 


wes used to support this gage. 


PROCHDURE 


The plate wes tested under three types of leadings at angles of 
sweepback of zero, twenty, forty, and sixty degrees. These losedings 
are referred to ss uniform shear, uniformly distributed, and torsion 
loads. The uniform shear loed was applied at the tip by means of a 
whiffle tree arrangenent, This permitted the uniform shear load to 
be applied uniformly across the tip of the plate. Shot bags ware 
placed in a large ven supported by the whiffle tree to give the de- 
sired load. Uniform shear loads of two hundred, four hundred, end six 
hundred pounds were applied for each anzle of sweep. (Sea Figure 1.) 

Uniformly distributed loads of one, two, and three pounds per 
square inch were applied at each angle of sweep. These loads were 
applied by placing shot begs uniformly over the surface of the test 
plate. A mst of sponge rubber was Asai over the plate to protect 
the strain rosettes from the shot bags. Uniformly distributed loads 
of one, two, and three pounds per squere inch were used in order to 
make the moment et the root caused by these loads equal the moments 
at the root caused by the two hundred, four hundred, and six hundred 
pounds uniforn shear loads. 

‘Porsion loads of fifteen thousand, thirty thousend, and forty- 
five thousand inch pounds were applied et each angle of sweep. These 


torsion loeds were spnlied at the tip by means of en I beam bolted to 
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the tip. Pans were attached to the ends of the I beams by flexible 
steel cables. Tha cable on the side of leading edge lead vertically 
downwerd, The ceble on the side of the trailing edge was lesd vert- 
ically upward to a pulley and then downward. Shot bags were loaded 

in the pans to sive the desired loed. (See Figure 2). The bolt holes 
in the tin used for fastening the I bean to the plate were bored par- 
allel te the exis of the pl-te. This resulted in 2 torsional load 
vector cerpendiculer to the tip as shown in Figures 2, 5, 8, 11, and 
14, 

Deflections for all types of loads were obtained by measuring the 
change in distence between = smooth table end the plate when the var- 
lous loads were =polied. Zeros were obteined before and aftor load- 
ing end it was found thet et least three loading cycles were needed 
in order to stabilize these zero readings. Deflection readings were 
teken at five inch intervals span wise and at the zero, twenty-five, 
fifty, seventy-five, and one hunired per cent chord points. These de- 
flections are plotted in Figures 16 through 27. These curves are not 
corrected for the sag of the support. For the concentrated loads and 
the uniform loads, deflections in the direction of loading are plotted 
as positive deflections. For torsional loads, up deflections are 
plotted as positive deflections and down deflections are plotted as 
nesative deflections. 


The orientation and magnitude of principal stresses at the 


Ri 


various strain rosette locations ‘ere rlotted as shown in Figures 4 
to 15, | 

In order to determine the sag of the supcort, a lightweight I 
beam was fasten:d to the ton of the supvort and its deflection vas 
measured vhen the plate was londed. The deflection of the ton sup- 
port plate was measured by mounting an areh on the ends of this plate 
and meagurins the change in the distance between thie arch and the suvport 
plate uvon losding the test plete. The sag of the bottom support plate 
was meagured in a manner similser to the metnod used to measure the de- 
flection of the test plata. Tha sag due to torsion loads, i.e., in 
the plane of the support, was found to be negligible. The corrections 
dus to the saz of the support for the uniform shear and uniformly dis- 
tributed has ere shown in Figure 36. All deflection plots sudsequent 
to Figure 27 have been corrected for the seg of the support. 

Crosse rlots were made to snow the veriation in deflection with 
inecressed angle of sweep for points on the fifty and seventy-five per 
cent semi-span lines. Figure 34 shows this variation for uniform shear 
and uniformly distributed loadings, and Figure 35 for torsion loading. 

Cross plots to show this variation in stresses near the trailing 
edge for the various syoep angles were made in Figures 28 to 50. Simi- 
lar plots were made for the stressea near tha leeding edge as shown in 
Figures 3l(2) to 43(b). Deta for these plots are listed in Tableg { 


and Il. 
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“iguree 31(>) and 33(b) are trecingsa of Mgurea 3i(a) and 33(a) 
respectively with additional curves representing the strains as calcu- 
lated by the standerd engineering formuia for e simple cantilever 
beam. for these curves the simple beams were considered to be fixed 
at e line perpendicular to the axis through the trailing edge root. 

In these calculations for the uniform shear load, the total shear was 
assuned concentrated at the tip at the fifty per cent chom point. 

Since it was found thet both stresses end deflections varied 
linearly with increase in load for all types of loading and for all 
engles of sweep, all tables end graphs in this report ere for the 


maximun load of each of the various loading conditions. 


RESULTS AND RISCUSSICH 


I, Deflections 

The deflections of the test plate for all types of loading <nd 
for sll angles of sweep are plotted in Figures 16 through 27. These 
curves have not been corrected for the sag of the suprort. CGorrec~ 
tions for sag of the support ere plotted in Fisure 36. Curves snowing 
the veriation of deflection eat fifty and seventy-five per cent seni- 

ean with angle of sweep are plotted in Figures 34 and 35, These 
curves were corrected for the seg of the support. 

For the uniform shear and uniformly distributed loeds the de- 
fiection of the trailing edge at seventy-five per cent semi-span in- 
cre-sed with an increase in anele of sweer up to an angle of sweep 
dvetveen twenty end twenty-five degrees and then deecreased. The deflec- 
tion of tne leading edge at seventy-five ver cent sami-spen decre-sad 
wite angle of sweap. Both of these effects are due to the fact that 
“ the angle of sweep is increased the bending moment is reduced and 
an increasing twisting moment is introduced. 

In the cease of torsional loading the deflection of the trailing 
edge et seventy-five per cent seniespen increased with inecreese in 
engle of sweep. The deflection of the leading edge for the sanc point 
spanwise was in the direction of torque for small angles of sweep and 
opposite to the direction of torque for large angles of sweep. The 


maximum deflection in this direction was reached at an angle of sweep 
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of approxinately forty-five degrees. This effect is due to the fact 
thet the manner of applying the torque intraduced a bending component 
which caused the plete to bend upward more and more es the angle of 
sweep increased, 

All deflections increased linearly with increase in loed for 
all loading conditions and for all angles of sweep. 

At zero angle of sweep the experimentel deflections due to the 
uniform shear losd were found to be slightly greater than those com- 


puted by the engineering formula for prismatical beams. (See Table 6). 


Il, Stresses 

The magnitude and direction of the principal stresses are plotted 
in Figures 4 through 15. Variation of the stresses with angle of sweep 
along the ninety per cent chord line is plotted in Figures 28 through 
30, Similsr curves along the ten per cent chord line are plotted in 
Figures 31 through 33, 

The stresses near the intersection of the root and the trailing 
edge were found to increase rapidly for angles of sweep greater than 
zero for sll types of loading. Just the opposite effect was noted for 
the area near the intersection of the leading edge and the root where 
the stresses decreased rapidly with increase in angle of sweep for ali 
types of loading. In fact at an angle of sweep of sixty degrees the 


stresses in this area ere practically negligible. For all angles of 


th 


elle 


sweep ond for ell types of loading the area of critical streas was 
near the intersection of the trailing edge and the root. 

The stresses along thea ninety per cent chord line from fifteen 
to one hundred per cent semi-span due to the uniform shear load were 
found to ve linear for ol] ancles of sweep. In this portion of the 
plate the stresses did not change with angle of sweep up to an angle 
of sweep of forty degrees, then they drowned off slightly for the 
sixty degree angle of sweep. This second fact was found to hold true 
for the stresses due to both uniform shear and uniformly distributed 
loads. 

Stresses in the portion of the plate mentioned in the previous 
paregraph were found to ba «xt least ten per cent less then the stresses 
as calculated by the engineering formula for angles of sweep up %o 
forty degrees for both uniform shear and uniformly distributed loads. 

Compressive stresses along the ninety per cent chord line due 
to torsional losding increased with increase in angle of sweep and the 
tensile stresses decreased. This is due to the fact that the bending 
stresses become larger with incresse in angle of sweep due to the manner 
in which the torque was =pplied. 

Along the ten per cent chord line the point of maximum stress 
due to all tzpes of londing moved outward vith an increase in angle 
of sweep, The distence from the root along this chord line to the point 
of maximan stress appears to incre=se linearly with increase in angle 


of sweep for both the uniform shear and uniformly distributed loads. 
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Hovever, it would be necessary to teat the plate at additional angles 
of sweep to astablish this fact conclusively. (3ee Table V). 

In celeulating the stresses near the leeding edge by means of 
the standard engineering formula for 2 cantilever beam, the portion 
of the plate outboard of a line drawn through the trailing edge root 
and perpendicular to the swept axis of the plate was assumed to act 
like a simple cantilever beam. The uniform shear load was assumed 
to be concentrated at the tip and fifty per cent chord point. These 
assumptions resulted in a different engineering formila curve for each 
angle of sweep, Outside the area of end effect the experimental re- 
sults agree very well with the theoretical results for all angles of 
sweep in the case of the uniformly distributed load. For the uniform 
shear load outside the area of end effect the engineering formla 
gives conservative results for zero angle of sweep, agrees very well 
for the twenty and forty degree angles of sweep and is non-conserva- 
tive for the sixty degree angle of sweep. 

For the uniform shear and the uniformly distributed loeds, for 
all angles of sweep, the experimental stress curve departs from the 
theoretical curves at a distance of approximately three quarters of 
a chord length from a line which is perpendicular to the axia of the 
plate through the trailing edge root, i.¢6., the assumed root of the 
cantilever beam used in the engineering formula calculstions. This 
leads to the conclusion that "end effect" extends out this distance. 

Stresses Varied linearly with increase in load for all angles 


of sweep and for all types of loading. 


Itt, Accuracy 

In order to estimste the accurrcy of the results obtained a sur 
vey was made of the stresses in the outer portion of the test plate 
when under naximum torsionel losdines and at zero angle of sweep. Under 
these conditions the stresses throughout this nortion of the plate 
should have been equal. The evereaze of all these stresses wes obtsined 
end then the meximmm and averace errors were computed by compering 
this averave stress with the actual stresses. The maximum error was 
equal to plus or minus 6.28 per cent and the average error wes plus 
or minus 2.72 per cent. The accuracy of these results was checked by 
multiplying the stresses due to one-third maximum load by thres and 
by sultiplying the stresses due to two-thirds maximum load by three 
halves and comparing these results with the stresses due to naximun 
load. The maximex and average errors found in this mamer were slight- 
ly less than those found previously. 

The errors in the stress results were due to the inherent error 
in the strain rosettes, slight variation in the electrical zero, and 
personnel error. 

A comperison of the experimental deflections of the plate at zero 
angle of sweep with the theoretical deflections as computed by the eng- 
inerring bean fornula is shown in Table VI. The deflections were £130 
conputes using Stevenson's formula as given in Ref. (a). The deflections 
computed by this formula agreed almost exactly with those computed by 
the engineering formla., In Stevenson's formals he sets the boundary 


conditions 2% only one point, the center of the plate at the root 
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where he esesumes zero deflection and zero glope. ‘“heress, in this in- 
vestigation the vlzte was clamned along the entire root. This fixed 
end condition leads to nore boundary conditions then there ere unkown 
constents in Stevenson's formals. For this reason it is felt that the 
engineering formois gives as cood theoretical regilts as any know: 
solution for the viate as tested in this investigation. A comparison 
of experimental results and theoretiosl results shovs a deflection 
error of anproxinatel~ three per cent for the maximurn deflection. 

This error is greater st smaller deflections, ‘The error in deflection 
readings is due to zero resdinz error and sag of the su.port in addi- 


tion to thet sag which was measured. 


IV, Recommendations 

In this experiment it was found that there were too few strein 
rosettes in the srea of critical stress near the root. In the future 
it is recommended thet as many strein rosettes as possible be placed 
in this ares. 

It is algo felt that more valuable information could be obtained 
in the sane length of tine by testing the plate at ten degree increnents 


of sweep angie end at maximum loads only. 
/ 
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CONCLUSIONS 


l. For angles of sweep greater than zero and for all types of 
loading the area of critical stress is near the intersection of the 
root and trailing edge. 

2. Stresses near the trailing edge at the root increased rap~ 
idly for angles of sweep greater than zero for all types of loadings. 

5. Stresses near the lending edge at the root decreased rapid- 
ly ‘vith increase in angle of sweep for all types of loading. 

4, For uniform sheer end uniformly distributed loads stresses 
near the trailing edse in the outor eighty-five per cent of the plate 
did not vary with angles of sweep un to forty degrees. These 
etreases become snaller at the sixty degree angle of sweep. 

5. Use of the standard enginerring formule for stresses in a 
cantilever bean for the uniform sheer end the wmiforaly distributed 
loads gives ood resnlts in the sortion of the plate which is free 
of end effect. 

6. The vortion of the plate in w ten end effeot is nronounced 
axtends from the root to 2 distance of three-quarters of « chord 
length from a line througn the trailing edge root perpendicular to the 
swept exis of the plate. 

7, Near the leadine edee the point of maximm stress due to ali 
types of loading moved outward with increase in angle of sweep. 

8. In the case of uniform shear and uniformly distributed loads 
the deflections near the leading edge at seventy-five per cent soui-spen 


decreased with increase in angle of sweep. Deflections near the 


See 


trailins edee ander the same locdins conditions incressed with increase 
in encle of sweer for small enzles ond then decreased ot the higher 
angles of seep, The msximam deflection due to torsional loading ine 


ecre-ced with increzse in angle cf sweep. 


(a) I. 3. Sokolnikoff, "Mathematical Theory of Slasticity", heGraw- 


Hill Beok Company, Inc., 1946 - Page 231. 
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TABLE 1 


Stresses at Ninety Fer Cent of Chord 


Distance® 
Uniforn 
Shear Load 
oe 
1.00 12858 
5.00 11486 
9.00 9855 
13.00 8595 
17.00 7460 
30.00 3267 
34, 00 2025 
1.20 . 17408 
5.20 12285 
9.20 10324 
13.20 8726 
17.20 7435 
30.30 2921 
34.30 1490 
3.17 13359 
7.17 10979 
11.17 9223 
15.17 7644 
32.17 2010 
36.17 764 
2.67 15178 
4.67 11471 
8.67 . 9143 
12.67 7422 
16.67 5677 
24.67 3174 


*“Distance is measured in inches from root along chord line. 


Stresses (psi) 


Uniformly 
Distributed Load 


Torsion 


31323 
26394 
23937 
23404 
23016 
22328 


Distance” 


CFD O BND He a9 
Se oe eee 
oe) oo0o9o 


QoWue HY 


*Jistence is measured in inches from root along chord line. 
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TABLE 2 


Stresses at Ten Per Cent of Chord 


Uniforn 
Shear Load 
> 


Stresses (psi) 


Uniformly 
Distrituted Load 


forsion 


Distance* 


2.30 
4,30 
6.50 
8.30 
10.30 
12.50 
14.50 
16.350 
18.30 
22.30 
26.30 
30.30 


Stresses at Ten Per Cent of Chord 


Uniforn 
Sheer Load 
> 
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TARL 2 (Cont'd) 


Stresses (psi) 


Uniformly 
Distributed Load 


274 

863 
1783 
2758 
3778 
4830 
6120 
6609 
6508 
4968 
3976 
2407 


Torsion 
Load 


176 
918 
1811 
3029 
5284 
9036 
13546 
17325 
19821 
22564 
21642 
23208 


*Distence is measured in inches from root along chord line. 


=o 
TABLE 3 
Deflections at Fifty Per Cent Semi-span 


Deflections (inches) 
Uniform Shear Load 


Low: 25%0 5020 
0463 463 469 
416 “ALS 7475 
© 260 2323 382 
0055 0119 0209 


Uniformly Distributed Load 


hl2 41h oh 
-392 e410 03h 
2253 0306 © 358 
-061 o lly 176 
Torsion Load 
- +300 150 2020 
-.060 -100 -270 
2070 2240 e440 
e010 0150 © 390 


Deflections at Seventy-five Per Cent Semi-span 


Le Be 
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TABLE & 


Deflections (inches) 


25%0 5026 
Uniform Shear Load 
956 9.56 
897 9h2 
727 802 
2388 ° 520 


e751 e751 
761 787 
-607 -670 
©3316 398 
Torsion Load 
#220 025 
330 640 
e790 1.130 
710 1.180 
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Table 5 


Variation of Maximum Stress Location with Angle of Sweep 
Along Ten Fer Cent Chord Line 


p? Distance fron root (inches) 
0 0 
20 6 
ho 12 
60 18 
Table 6 


Experimental versus Theoretical Deflection of Cantilever Beem 


Distance from Deflections 

Root (inches) Theoretical Experimental Difference % 
32-5 1-046 12085 0039 307 
30-0 °917 09 0039 25 
27 5 e792 e830 0038 48 
2205 0559 0595 2036 6.43 
17-5 356 0335 2029 8.15 


1205 0190 0218 2028 1.7 


FIGURE 1. 


EQUIPMENT UNDER CONCENTRATED LOAD 


FIGURE 2. 


EQUIPMENT UNDER TORSION LOAD 


FIGURE 3. 


ELECTRICAL EQUIPMENT 
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